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ABSTRACT
Within the framework of an eternal inflationary scenario, a natural question regarding
the production of eternal bubbles is the essential condition requires to have a universe
capable of generating life. In either an open or a closed universe, we find an anthropic
lower bound on the amount of e-folding in the order of 60 for the inflationary epoch,
which results in the formation of large-scale structures in both linear and non-linear
regimes. We extend the question of the initial condition of the universe to the suf-
ficient condition in which we have enough initial dark matter and baryonic matter
asymmetry in the early universe for the formation of galactic halos, stars, planets and
consequently life. We show that the probability of a habitable universe is proportional
to the asymmetry of dark matter and baryonic matter, while the cosmic budget of
baryonic matter is limited by the astrophysical constrains.
Key words: cosmology: inflation; large-scale structure of universe
1 INTRODUCTION
The habitability of the Universe is one of the fundamental
issues of cosmology. In other words, what are the specifica-
tions required for a universe to be habitable ? In terms of
fundamental physics, we can think about possible different
physical parameters for which our universe is adapted. This
possibility might be realized in multiverse models where the
physical parameters vary in an ensemble of parallel universes
(Carr 2007). Here in this work, we adapt the ”weak an-
thropic” principle, by means of that physical constants are
given and we investigate the initial conditions of different
universes. We study the formation of a habitable universe
based on the initial conditions in the early epoch of the uni-
verse, during the inflationary period.
In the standard inflationary model for an early uni-
verse, a scalar field, so-called inflaton field, drives a rapid
phase of expansion of the universe. This inflationary phase
stretches any local features in the curvature of the early uni-
verse into spatially flat space (Starobinsky 1980; Guth 1981).
Also during this inflationary phase, all primordial defects
from the phase transition manifesting as topological defects
are diluted (Liddle & Lyth 2000). The other consequence
of inflation is that all parts of the universe that were ther-
malized within the horizon before the beginning of inflation
stretch out and makes universe uniform at super-horizon
scales. This uniformity has been observed with the level of
10−5 on the map of Cosmic Microwave Background (CMB)
radiation (de Bernardis et al. 2000).
The other advantage of inflationary cosmology is that
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quantum fluctuations of the inflaton field results in seeds
for the formation of large-scale structures. These small den-
sity fluctuations in the dark matter fluid, of order ∼ 10−5,
eventually grow and produce potential wells and, through
gravitational condensation and cooling, the baryonic matter
of cosmic fluid forms galaxies, stars and planets. Recent ob-
servations of CMB by the Wilkinson Microwave Anisotropy
Probe (WMAP) and Planck satellites show the compatibility
of the observational data with the prediction of the inflation-
ary models (Planck Collaboration et al. 2016; Peiris et al.
2003).
While inflationary cosmology is successful in its expla-
nation of flatness, homogeneity and power spectrum of large
scale structures, there are challenging questions for this the-
ory, such as the entropy problem. Since the entropy of all
systems as well as the universe increase with time, the early
universe must start with very low entropy (Penrose 1989),
which means that fine tuning for the initial conditions of the
universe might be needed. A possible solution to this prob-
lem is the chaotic inflationary model introduced by Linde
(1983). In this model, the initial condition of the universe
from a large pre-inflationary domain has arbitrary uncorror-
lated values within Planck-size patches and a successful uni-
verse with low entropy at a given patch produces a sufficient
large domain. The parameter associated with this expansion
is defined by the e-folding number, which is the logarithm of
the ratio of the scale factor at the end to that at the begin-
ning of the inflation ( i.e. N = ln af/ai). For a large value of
e-folding, the spatial part of curvature turn to be nearly flat.
For each inflationary area, the quantum fluctuation of the
inflaton field can be larger than the classical decline of the
field. The result would be to produce new inflationary areas,
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or in other words bubbles, out of a parent domain (Linde
1986). The consequence of eternal inflation is the produc-
tion of infinite inflationary areas, of which some can meet
the condition for the formation of life.
For an unsuccessful inflationary phase owing to an in-
sufficient number of e-folding, the density of the universe
after the end of inflation, depending on the initial condi-
tions, could be either dense or dilute compared with a flat
universe. As a result, after inflation ends, the universe would
either collapse in a short cosmological time-scale or expand
and dilute, with no chance for the formation of structures.
After the end of inflation, all the energy in the inflaton field
turns into the matter and radiation during the reheating
(Bassett et al. 2006). For a sufficient asymmetry between
baryons and anti-baryons, the remaining baryonic matter
after annihilation can form the baryonic structures within
the dark halos.
In this work, we investigate the inflationary scenario
and post inflation epoch from the point of view of the an-
thropic principle. This kind of investigation has been started
in the early days of developing modern cosmology. Dicke
(1961) noted that the age of the Universe cannot be a ran-
dom value: biological factors constrain it to be not too young
and not too old. A young universe does not have enough met-
als for the formation of life and in an old universe all the
stars would have left the main sequence. The effect of the
cosmological constant on the formation of structures within
the framework of anthropic principle has also been studied
by Weinberg (1987). He concluded that having a larger value
for the cosmological constant prevents the collapse of struc-
tures and formation of galaxies and stars. A general study
of the set of physical constants and parameters that sup-
port life can be found in Tegmark et al. (2006), as well as
detailed discussion of the anthropic principle in Barrow &
Tipler (1986).
In the first part of this work, we study the prior proba-
bility of the formation of structures from the initial condition
of the inflationary scenario. We then discuss the selection
condition to have enough baryonic number in the universe
for the formation of galaxies, stars, planets and consequently
life. In Section (2), we briefly introduce inflationary cosmol-
ogy, with an emphasis on eternal inflation. Here we investi-
gate the initial condition for the pre-inflationary patches to
form a habitable universe. In Section (3), we investigate the
formation of dark matter structures in open and closed uni-
verse, taking into account e-folding from inflation and mat-
ter asymmetry of the universe. The failure of dark matter
structure formation means no formation of stars and plan-
ets. In Section (4), we study the baryon asymmetry of the
universe as sufficient condition for the formation of struc-
tures, stars and planets within the gravitational potential of
dark matter. A conclusion is given in Section (5).
2 CHAOTIC INFLATIONARY COSMOLOGY
AND PROBABILITY OF FORMATION OF A
UNIVERSE WITH NON-ZERO CURVATURE
The flatness and horizon problems of the Universe were im-
portant issues in the standard big bang cosmology at the
beginning of the 1980’s. As a solution, in the inflationary
model, a rapid expansion of the early phase after the big
bang could resolve these problems. In the old picture of
the inflationary scenario, a phase transition could provide
energy for the rapid expansion of the Universe, while the
energy density of the Universe for this phase remains con-
stant (Guth 1981). However, this scenario had the problem
of bubble collision if inflationary areas were close to each
other; they were far from each other if a smaller value for Ω
was considered. In the new scenario, instead of phase transi-
tion in a scalar field, the scalar field undergoes a slow-rolling
dynamics and can resolve the above mentioned problem.
Moreover, quantum fluctuations of the scalar field produce
density fluctuations that are statistically compatible with
observations (Linde 1982).
As a brief introduction to the inflation dynamics, let
us assume a scalar field that drives the dynamics of the
early universe. For a scalar field with Lagrangian L =
1/2∂µφ∂
µφ − V (φ), we assume the slow-rolling condition,
where the kinetic energy is negligible compared with the
potential term. Also, we ignore the spatial components
of the Lagrangian, as they are diluted by fast expan-
sion of the universe. This condition can also be given by
two parameters, so-called slow-rolling conditions of  =
m2pl(V
′
(φ)/V (φ))2/2  1 and η = m2pl|V
′′
(φ)/V (φ)| 
1, which implied the Friedmann-Robertson-Walker (FRW)
equation; the continuity equation simplifies to H2 '
8piV (φ)/3m2p and 3Hφ˙ = −V
′
(φ). Here, for simplicity we
take natural units.
One of the main characteristics of inflationary models
is the number of e-folding and its dependence on the ini-
tial conditions of the scalar field at the beginning of the
inflationary phase of the universe. Within the framework of
chaotic inflation, different domains of the universe at the
Planck time have the scalar fields with stochastic distribu-
tion and, for a sufficiently large scalar field that satisfies the
slow-rolling condition, inflation can start. If we treat φ as
the classical scalar field, starting from an arbitrary position
in phase space (i.e. (φ, φ˙)), the well-known classical attractor
tends asymptotically the scalar field to hold the slow-rolling
condition, whereas for quadratic and quartic potentials there
is a lower bound on the initial value of scale field to produce
successful inflation (Yi & Vishniac 1993).
Here, the φ˙ term, which is related to the kinetic en-
ergy, is also produced by the quantum fluctuations. If the
quantum fluctuations of inflatons become larger than the
potential term, then we can ignore the potential term in the
density and pressure of the inflaton field and the equation of
state would be p ' ρ. Then, from the continuity equation,
the energy density or the kinetic energy term of the inflaton
field decreases as 1/2φ˙2 ∝ 1/a6, much faster than the radi-
ation. The result is that the slow-rolling condition can hold
for a shorter time-scale. We can also consider quantum fluc-
tuations of the inflaton field as the stochastic motion of the
field in phase space. This effect shrinks the proper domain
of the phase space for inflation. We note that a classical
slow-rolling attractor in phase space is almost immune to
stochastic quantum fluctuations of the inflaton field and the
initial conditions of the inflaton field are almost independent
of φ˙ (Grain & Vennin 2017).
Important observational constrains for the scalar field
can be imposed by observation of CMB radiation. The
Planck satellite could constrain various models of inflation-
ary potentials. Here we adapt a power-law potential for our
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study (Linde 1983),
V (φ) = λm4pl(
φ
mpl
)n, (1)
where CMB observations constrain the power-law index to
be in the range of n < 2 (Planck Collaboration et al. 2016).
Our aim is to investigate conditions in this model to have a
habitable universe. Let us assume a uniform probability for
the energy of inflaton field (Yi & Vishniac 1993), with energy
smaller than the Planck scale (i.e. ρφ < m
4
pl). The constrain
on energy density applied to the initial conditions imposes
that scalar field should be in the range of 0 < φi < mpl/λ
1/n.
Then the prior probability of a scalar field at the beginning
of inflation is obtained by
dPprior(φ)
dφ
=
nλ
mpl
(
φ
mpl
)n−1. (2)
For a generic potential the number of e-folding (Liddle &
Lyth 2000) is calculated by
N '
∫ φi
φend
V
V ′
dφ
m2pl
, (3)
where, for the power-law potential, the result of the integra-
tion is
N =
4pi
nm2pl
(φ2i − φ2end)
(Mukhanov 2005) and, by defining the end of inflation at
|V ′′(φ)|  9H2 (Steinhardt & Turner 1984), the corre-
sponding field for the end of inflation is
φend =
√
|n(n− 1)
24pi
|mpl.
This means that the initial condition of the inflation in terms
of number of e-folding is given by
φi =
√
nmpl(
n− 1
24pi
+
N
4pi
)1/2 '
√
Nn
4pi
mpl, (4)
where for a large N we can ignore the term corresponds
to the end of inflation. Let us assume a minimum value
of e-folding is required for the formation of life, we call it
N?. Then the initial condition for the inflaton field must
satisfy the condition of φi >
√
N?n/4pimpl. The assumption
that the energy associated with this field is smaller than the
Planck energy imposes an upper bound on the initial value,
φi < mplλ
−1/n. Then the habitable initial condition of a
scalar field should be within the following range:√
N?n
4pi
< φi/mpl < λ
−1/n, (5)
where, integrating from equation (2), the probability of
scalar field to be larger than N? is
Pprior(> N?) = 1− λ(N?n/4pi)n/2, (6)
where the maximum number of e-folding by the condition
of Pprior = 0 is Nmax = 4piλ
−2/n/n. This means that, for
a habitable universe, e-folding must be in the range N? <
N < Nmax.
From the Planck data, the indices compatible with ob-
servations are n = 4/3, 1 and 2/3 (Planck Collaboration
et al. 2016). We can also identify the coupling constant of
scalar field (i.e. λ) from the temperature fluctuations in the
Figure 1. Demonstration of the variation of Ω with the initial
condition of Ωi < 1 and Ωi > 1 from the beginning to the end
of inflation and the deviation of Ω from unity after the end of
inflation. x-axis represents the scale factor, a, and the y-axis rep-
resent Ω. Here we take the number of e-folding smaller than the
conventional value for better demonstration of variation of Ω with
the scale factor.
CMB. The quantum fluctuation of the scalar field produces
fluctuations in the cosmic fluid, with amplitude (Liddle &
Lyth 1993)
A2s =
512pi
75m6pl
V 3
V ′2
∣∣∣∣
k=aH
(7)
where, for the power-law potential, the amplitude is
A2s =
512pi
75
λ
n2
(
φn+2
mn+6pl
)
∣∣∣∣∣
k=aH
, (8)
and using the value of As from CMB observations and sub-
stituting the scalar field for the beginning of inflationary
period results in
λ =
75n2
512pi
A2s
(
nN60
4pi
)−n+2
2
, (9)
where, from the recent observations by Planck satellite, the
amplitude of perturbation is ln(A2s10
10) = 3.094 and the
number of e-folding to generate the present map of the CMB
is N60 ∼ 60. Using As in equation (9) results in the numer-
ical value of λ as one of the natural constants. Substituting
equation (9) in the probability function (6), the probability
of a habitable universe in terms of N? and n is given by
Pprior(> N?) ' 1− 5n
512
(
N?
60
)n/2A2s. (10)
For the case of e-fold in the order of N ' 60, which pro-
vides an age for the universe almost comparable to ours, the
probability from equation (10) is almost unity, while for a
universe with a very large N? the probability tends to zero.
The consequence of smaller e-folding is that the uni-
verse cannot approach a flat space and a direct effect of this
is on the formation of large-scale structures of the universe.
Let us assume a patch of the universe before the begin-
ning of inflation with initial curvature Ωi 6= 1. The num-
ber of e-folding before reheating is ln(af/ai) =
4pi
n
(φ2i − φ2f )
(Mukhanov 2005). Since the spatial comoving curvature of
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the universe (i.e. k) is time-independent, the final value of
Ω at the end inflation is
Ωf = 1 + (
ai
af
)2(Ωi − 1), (11)
where, during the slow-rolling of the scalar field, we take H
almost constant. On the other hand, after inflation, assum-
ing a radiation-dominate epoch for the universe, Ω of the
universe changes with the scale factor as
Ω(a) = 1 + (
a
af
)2(Ωf − 1). (12)
Fig. (1) is a representation of the evolution of Ω as a function
of the scale factor from the beginning to the end of inflation
and after the inflationary epoch. Having smaller e-folding,
depending on the sign of the curvature, causes a universe to
dilute or collapse on a shorter time-scale, with not enough
time for the formation of structures.
In the next section, we examine the condition for the
initial condition of inflation for open and closed universes
that lead to the formation of large-scale structures. We note
that a consequence of the structure formation in the linear
regime is the formation of non-linear structures and eventu-
ally the formation of stars, planets and life.
3 STRUCTURE FORMATION AND
CONSTRAINS ON INITIAL CONDITION
In this section we study constrains on the initial condition
of the universe for the formation of structures in open and
closed universes.
3.1 Closed universe
In a closed universe, any overdensity with respect to the
background (i.e. δi > 0) due to the negative energy condition
will grow with time. To prove this argument, we take the
total energy of an overdensity region as
E = Ki −KiΩi(1 + δi), (13)
where the first term Ki represents the initial kinetic energy
and the second term is the potential energy. The energy
condition of E < 0, imposes the criterion δi > Ω
−1
i − 1,
which allows for collapse of a structure. In the case of Ωi > 1
and δi > 0 the collapse condition is always satisfied. A key
parameter for the habitability of the universe in this case is
the age of the universe. In a high-aged universe, structures
have opportunity to turn from the linear to the non-linear
phase and finally stars and planets can form.
Let us assume a closed universe with Ωi > 1 at the pre-
inflation phase. The universe will turn around at a given
scale factor with the condition H(at) = 0, where the sub-
script ”t” is assigned to turnaround time. Then FRW equa-
tion at this point simplifies to k/a2t = 8piρ(at)/3, where the
total density at the time of turnaround is related to the den-
sity of matter and radiation at the end of inflation (i.e. ρf )
as ρ(at) = ρR,f (at/af )
−4 + ρM,f (at/af )−3. Using the defi-
nition of k = (Ωf − 1)a2fH2f at the end of inflation, the ratio
of turnaround scale factor to the scale factor at the end of
inflation is determined by
at
af
=
(
ΩR,t + ΩM,t
ΩR,t(Ωi − 1)
)1/2
af
ai
, (14)
Figure 2. Exclusion area identified by grey colour in terms of N?
and η in a closed universe where the temperature of the universe
is smaller than Tmax ( the maximum temperature that allows for
the formation of life). This condition results from equation (17).
where ΩR,t and ΩM,t are the ratio of density of radiation
and matter to the critical density of the universe at the
turnaround time. Assuming Grand Unified Theory (GUT)
energy for the end of inflation (Ross 1984) of the order of
1016 Gev and expressing the temperature of the universe in
terms of the temperature of CMB, e-folding of inflation in
terms of the parameters of a closed universe is calculated by
ln
af
ai
= ln
1016GeV
TR,t
+
1
2
ln
ΩR,t(Ωi − 1)
ΩR,t + ΩM,t
, (15)
where TR,t is the temperature of the CMB at turnaround
time. We note that the turnaround temperature is the min-
imum temperature of a closed universe.
Now, we investigate a maximum temperature of the uni-
verse (i.e. Tmax) that enables the formation of stars, planets
and life. For a universe with T < Tmax, the habitable condi-
tion is satisfied in general. The time-scale for the formation
of life should be at least larger than the time-scale for the
planet formation. In terms of star formation, this should be
at least after the second generation of stars where heavy
elements have already been synthesized. Moreover, at the
time of formation of life, there should not be deleterious ra-
diations in UV , X and γ wavelengths to dissociate organic
molecules ( Dayal et al. 2016). Recently, a higher maximum
temperature of the universe that allows for the formation
of life has been suggested. We may assume a universe at
the temperature of Tmax ∼ 300K with the cosmic ambient
temperature comparable to that of the Earth (Loeb 2014) or
possible carbon-made planets at redshift z < 50 (Mashian &
Loeb 2016). The main problem with these models is the lack
of existence of heavy elements as carbon, nitrogen, oxygen,
phosphorus and sulphur 1 (Cockell 2015) in locations where
they are essential for the formation of life.
1 The six element so-called CHNOPS are the backbone of life
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An astrophysical constrain for Tmax would be around
z ' 1 which can be translated in terms of temperature as
Tmax ' 10−4 eV, where the star formation burst epoch is
near to its end (Hopkins & Beacom, 2006). The extreme case
of Tmax ' 300K, as suggested by Loeb (2014), is equivalent
to Tmax ' 10−2 eV. Since in a closed universe the lowest
temperature happens at the turnaround time, we set Tmax =
TR,t.
We use the general definition η = nX/nγ , where nX
is the number density of dark matter particles ,and rewrite
this parameter as follows:
η =
T
mX
ΩM
Ωγ
. (16)
Substituting this equation in (15) results in
ln
af
ai
= ln
1016GeV
Tmax
+
1
2
ln
Tmax(Ωi − 1)
Tmax +mXη
, (17)
where we assume Ωi is of the order of unity. For the dark
matter particles with the mass of mX ' 10 GeV (Aprile
et al. 2011) and Tmax ' 10−4 eV, we plot the e-folding in
terms of η in Figure (2), where in the grey area, temperature
is higher than Tmax and we exclude this part. From equation
(10), the probability of having a habitable universe with e-
folding larger than this range is high.
3.2 Open universe
Here, we study the possibility of formation of large-scale
structures that consequently produce stars and planets in
an open universe. The crucial parameter in this universe
is the background density of the universe compare to the
expansion rate of the universe; when this is small enough,
density perturbations dilute very quickly and prevent the
growth of the initial perturbations after the end of inflation.
The initial perturbation of the scalar field in the infla-
tionary area is produced by the quantum fluctuations of the
scalar field. This perturbation affects the metric and energy-
momentum tensor of the cosmic fluid. The wavelength asso-
ciated to the quantum fluctuations during the inflationary
epoch grows exponentially and, after exiting the horizon,
due to damping term from the expansion of the universe,
quantum fluctuations freeze out and behave classically. After
the end of inflation, the freezing modes re-enter the horizon
with a density contrast of the order 10−5 and start growing
due to the gravitational instability.
Let us assume that a perturbation mode reenters to the
horizon. In this case, from the standard adiabatic scenario
of perturbation theory, we have the density contrast both
in the radiation, baryonic matter and dark matter of the
cosmic fluid. Radiation in this scale, due to acoustic damp-
ing, will diffuse and consequently the baryonic matter results
from strong coupling with radiation will be washed out as
well (Silk 1968). The only component from the cosmic fluid
that can grow is the dark matter, which, without any inter-
action with radiation and baryonic matter, grows under its
own gravitational potential. In this section, we emphasize
the dark matter component in structure formation. We will
discuss the contribution of baryonic matter to the formation
of stars and planets in the next section.
The evolution of the density contrast of dark matter for
scales larger than Jeans length and smaller than the horizon
(Martel 1991; Padmanabhan 1993) is give by
δ¨ + 2Hδ˙ − 4piρδ = 0, (18)
where, for simplicity, we do not use the subscript of ”DM”
for the density contrast of dark matter fluid. Here, the Hub-
ble parameter is given by the overall density of matter and
radiation and we write it as
ρt(x) =
ρeq
2
(x−3 + x−4)
where x = a/aeq and aeq is the scale factor at the equal-
ity of matter and radiation. For simplicity, we replace time
derivatives by derivatives with respect to parameter x. Then
equation (18) can be written as
x2H2δ
′′
+
(
2xH2 + x
a¨
a
)
δ
′ − 2piρeq(x−3 + x−4)δ = 0. (19)
Also ,we write the FRW equations in terms of x:
H2 =
4pi
3
ρeq(x
−3 + x−4)− k
a2eq
x−2, (20)
a¨
a
= −2pi
3
ρeq(x
−3 + 2x−4). (21)
By substituting the dynamics of universe in equation (19),
the evolution of the density contrast simplifies to
x(1+x+ω2x2)δ
′′
+(1+
3
2
x+2ω2x2)δ
′− 3
2
(1+
1
x
)δ = 0. (22)
where ω2 = − 3k
4piρeqa2eq
, and by substituting the definition of
spacial curvature we rewrite the definition of ω as
ω2 = −( 1
x
+
1
x2
)(1− 1
Ω
). (23)
We note that ω is time-invariant and, for the equality time
where the density of matter and radiation are equal, ω2 =
−2(1−Ω−1eq ). In the case of Ωeq = 1 or ω = 0 in equation (22),
we recover a standard differential equation for the evolution
of the density contrast of the dark matter component in a
flat universe (Mukhanov 2005). It is also convenient to write
equation (23) in terms of the initial condition of inflation as
follows:
ω2 = (1− Ωi)( ai
af
)2(
aeq
af
)2. (24)
Unlike a closed universe, for an open universe structures
can grow under specific conditions that depend on the pa-
rameters of the open universe. From the spherical top-hat
model for structure formation, the energy condition for an
overdense patch of the universe that decouples dynamically
from the background and collapses is δ > Ω−1−1 (Padman-
abhan 1993). Substituting (23) in this condition results in
D(x) >
ω2x2
δi(1 + x)
, (25)
where D(x) is the growth factor, in which the density con-
trast relates to the initial value by δ(x) = D(x)δi. In order
to investigate this condition, we solve differential equation of
(22) numerically with the initial conditions at the equality
time. The initial perturbation is set to δ¯i ' 10−5. Figure (3)
represents the growth factor of density contrast (i.e. D(x)),
which is compared with the condition of collapse of struc-
tures at the right-hand side of (25). From this investigation,
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Figure 3. The Growth facto for the density contrast (i.e. D(x))
in solid line is compared with the condition for the growth of the
structure in (29) (i.e. ω2x2/δi(1 + x)) in dotted line. The upper
panel is for ω = 0.03 and lower panel is for ω = 0.003. In the
lower panel the condition in (29) for a short period of time is
fulfilled. For the limit of ω < 10−4 this condition is fulfilled for
the structures in the linear regime to grow up to δ ' 1 and after
that non-linear evolution starts.
for the critical limit of ω < 10−4, this condition is always ful-
filled and structures can grow up to the end of linear regime,
where δ ' 1, and after that enter the non-linear phase of the
structure formation.
The analytical solution of equation (22) for the limit
ω → 0 is
δ(x) = C1(
2
3
+ x) (26)
+ C2(3
√
1 + x− (2 + 3x) tanh−1√1 + x),
which confirms linear growth of the structures for x
1. After entering to the non-linear phase, structures decouple
from the background expansion of the universe and spher-
ically collapse to non-linear structures; consequently they
virialize. The final stage of halos, in the case of having
enough baryonic budget of the universe, is the formation
of stars and planets.
In what follows, we derive the number of e-folding from
inflation such that structures can grow in an open universe
with the condition of ω < 10−4. In equation (24), we need
to know the corresponding scale factor for the equality time.
This scale factor depends on the ratio of matter to the ra-
diation content of the universe. In other words, this ratio
depends on asymmetry between particles and antiparticles.
For a given type of particle with the chemical potential µ and
rest mass of m, the difference between the density of matter
and anti-matter (i.e. ∆n) for a temperature that is smaller
than the rest mass of the particle (i.e. T  m) (Zurek 2013)
is
η =
∆n
nγ
=
n
nγ
' 1.33 µ
T
. (27)
Figure 4. Exclusion area identified by grey shading in terms of
N? and η for the formation of structures based on condition (29).
For larger asymmetry between matter and anti-matter (smaller
η), we need a larger N? for the formation of structures.
where n is the net number of matter and η = n/nγ for
baryons and leptons in the case of our universe is of the
order of ∼ 10−10. Here, for simplicity we define η10 as
η10 = η/10
−10. In the case of η → 0, where there is complete
symmetry between matter and antimatter, the number den-
sity of photons does not change considerably. In other words,
nγ(η10 = 0) ' nγ(η10 = 1). In this extreme case, due to ab-
sence of matter no structure can form. On the other hand,
in the case of strong asymmetry between the matter and
anti-matter, the number of dark matter particles as well as
baryonic matter particles would be of the same order as that
of photons, or η ' O(1).
In the case of our universe, where the equality time
happens of the order of eV, taking the end of inflation at
the GUT scale, the ratio of scale factors at the equality
time and the end of inflation would be aeq/af ∼ 1023 or, in
terms of ω, ω2 ∼ 1046( ai
af
)2. From the upper bound on ω,
e-folding in an open universe where structures can grow has
N? > 62, where, from equation (10), the probability of this
universe is highly probable.
In what follows, we determine the e-folding number
with an arbitrary value of η in the range of 0 < η < 1
in which structures can grow. Using the general definition
of η from equation (16), for the equality of matter and ra-
diation, ρX = ργ , Teq = mXη. Since the temperature of the
universe changes as 1/a, we can express the scale factor of
equality in terms of η10 as follows:
aeq(η10) =
aeq(1)
η10
. (28)
We substitute this term in equation (24) and, using the con-
dition of ω < 10−4, the lower bound on e-folding is obtained
as
N? > 17 ln 10− ln η. (29)
Figure (4) represents the domain that satisfies condition (29)
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for the growth of structures. Smaller asymmetry between
matter and anti-matter needs a higher of e-folding to fulfill
the structure formation condition.
4 BARYON ASYMMETRY AND SELECTION
PROBABILITY
We have seen that the amount of e-folding during inflation
has a direct effect on the formation of structures in the uni-
verse. Also, we have investigated the effect of dark matter
asymmetry on the formation of structures. In the following
section, we investigate the effect of baryonic matter asymme-
try in the formation of baryonic structures and consequently
life.
A Standard way to describe the probability of life for-
mation for a given parameter space (Tegmark et al. 2006)
is to multiply the independent probability factors. Here we
have a three-dimensional parameter space of N , η (asymme-
try in the dark matter) and ηB (asymmetry in the baryonic
matter) where the probability of a habitable universe can be
written as
P (N, η, ηB) = Pprior(N, η, ηB)× Pselect(N, η, ηB), (30)
where Pprior(N, η, ηB) has defined in section (2), is the the-
oretical distribution of N , η and ηB at the end of inflation.
Since in the inflation there is no explicit dependence between
the number of e-folding and the matter asymmetry, we take
N as the single parameter that enters the prior probabil-
ity function. We have seen that the probability of e-folding
with N? > 60, which is suitable for the formation of struc-
tures (i.e. Pprior(N? > 60)) is almost equal to one. On the
other hand, Pselect(N, ηX , ηB) is proportional to the density
of structures such as galaxies and depends on the e-folding,
dark matter and baryonic matter content of the universe.
Now, let us assume a universe with enough e-folding
during inflation in which almost a flat universe is produced.
We impose the selection condition as the sufficient condi-
tion for the formation of baryonic structures. What are the
bounds on baryon asymmetry of the universe to form stars
and planets ? Here, the free parameter of our concern is
the ratio of the number density of baryons to the number
density of photons, ηB = nB/nγ .
For an adiabatic perturbation mode that enters the
horizon, baryonic matter is mainly under the influence of
the dark matter potential and evolution of density contrast
for baryonic matter is given by
a2δ
′′
B +
3
2
aδ
′
B =
3
2
δD, (31)
where the prime denoted a derivative with respect to the
scale factor. This equation has the solution δB = δ
(en)
D a/aen
where ”en” corresponds to the entry time of a perturbation
mode into the horizon. Then, at the time at which a dark
matter halo becomes non-linear (i.e. δD ∼ 1), the density
contrast of the baryonic matter also approaches to one.
In the non-linear phase of structure formation, assum-
ing a top-hat spherical model, each shell collapses with-
out crossing the other shells and at turnaround time the
structure start collapsing and finally virialize (Padmanab-
han 1993). If we ignore the dissipation of the baryonic mat-
ter at the first stage of virialization, then baryonic matter
particles will have almost the same amount of kinetic en-
ergy and potential energy as the dark matter particles and
will virialize at the same time with the dark matter fluid.
Then, in the gravitational potential of dark matter, we ex-
pect that the baryonic matter extends to the same scale as
the dark matter structure. Now we can calculate the den-
sity of baryonic matter in the dark matter halo from the
following relation:
ρB = ρD
mp
hν0
Ω0R
Ω0M
ηB , (32)
where hν0 is the energy of CMB photons, mp is the mass of
proton and ”zero” sup/superscript corresponds to the value
of parameters at the present time.
The important issue concerning the amount of baryonic
matter within the gravitational potential of dark matter is
the possibility of formation of a baryonic structure. Forma-
tion of baryonic structure after the virialization of halo is
possible if plasma can cool and fall to the centre of the gravi-
tational potential of the dark matter. The essential criterion
is comparing the dynamical time-scale with the cooling time-
scale of the baryonic matter. The dynamical time-scale for
a test particle in the potential of the dark matter is given
by
tgrav = (
R3
GMD
)1/2, (33)
and, on the other hand, the cooling time-scale is
tcool = (neασT )
−1(
T
me
)1/2, (34)
where σT is the Thomson cross-section and α is the fine-
structure constant. For tcool < tgrav, we have a sufficient
condition for the formation of baryonic structures. Substi-
tuting temperature from the virial condition, we get the sim-
ple result
MB =
R
74 kpc
MD, (35)
where baryonic matter and dark matter are enclosed within
the same radius R. Integrating from equation (32) and
equating it with equation (35), we obtain the following rela-
tion between the size of structure and the mass of baryonic
matter in terms of ηB :
R = 8.15η10,B kpc, (36)
MB = 0.11η10,BMD (37)
where η10,B is the definition of ηB normalized to 10
−10. For a
Galactic halo with the mass of the order of MD ' 1012M,
for η10,B > 10
−5, a structure with the mass of a globular
cluster can form within this dark halo. Another lower value
for the baryonic asymmetry could be η10,B ' 10−12, where
only one star with Mmin ∼ 0.1M condenses to form a sin-
gle star within a 1012 solar mass halo. We can think about
another extreme case, having only one star within the cos-
mological horizon. In this case, we can write the ηB param-
eter in terms of minimum mass for a star and the mass of
matter within the horizon (i.e. MH),
η10,B =
mX
mp
Mmin
MH
η10, (38)
where mX and mp are the mass of dark matter particle
and proton mass. Substituting the numerical values for these
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parameters, we obtain η10,B = 10
−24. At this extreme small
value for η10,B , we will have only one star in the observable
universe.
A stronger astrophysical constrain has been studied, us-
ing the amount of minimum baryonic matter for formation
of a baryonic disc in the galaxies (Tegmark et al. 2006). We
note that the upper bound of the baryon contribution to the
matter content of the universe is also limited by Silk damp-
ing for fB = MB/MD < 1/2 (Tegmark et al. 2006) where,
in terms of ηB , we can write
ηB
η
mp
mX
< 1/2. (39)
Assuming the mass of dark matter particles is of the order of
10 GeV and η ' 10−10 for the dark matter component, the
amount of asymmetry in baryonic matter from Silk damping
would be ηB < 10
−9.
We can also derive another constrain from nearby ex-
plosions of supernovas, which can cause mass extinction on
an Earth-like planet. A detailed study by Ellis & Schramm
(1995) shows that supernovas at distances shorter than
10pc could produce a flux of energetic electromagnetic and
charged particles that destroys Earth’s ozone layer over a
period of 300 yr. Assuming that the rate of supernova ex-
plosions for a galaxy with 1011 stars is about one explosion
per 10 years, we can write the rate of supernova explosion
as
Γexp = 10
−12star−1 yr−1. (40)
The typical density of stars in the Milky Way is about n ' 1
star/pc−3. For a given baryonic asymmetry, the number den-
sity of stars will scale with this factor as n ' η10,B star/pc−3.
The rate of explosions within the sphere with the radius
smaller than 10 pc would therefore be
dN(< 10pc)
dt
= 4η10,B × 10−9 yr−1. (41)
In the case of η10,B = 1, Ellis & Schramm (1995) estimate
that, during the Phanerozoic era with a duration of ∆t =
240 Myr, we would expect one explosion than may cause
mass extinction on Earth.
For the extreme case where the ozone layer undergoes
bombardment of high-energy particles with a sequence of ex-
plosions, we assume the rate of one explosion per 300 years.
In this case, life never emerges on a planet. Substituting this
rate in the left hand side of equation (41), the maximum
value for the baryonic asymmetry obtained is ηB = 10
−4,
so from the supernova explosions we put an upper bound of
ηB < 10
−4 on this parameter.
From this section, we can conclude that a larger ηB pro-
duces more baryonic structures; however, it has been limited
to ηB < 10η from equation (39) for the Silk damping limit.
Moreover, ηB is limited by the effect of frequent supernova
explosions not being larger than 10−4. Figure (5) shows the
exclusion area in ηB , η space. Since the number of stars and
planets is proportional to ηB , the probability of selection
depends roughly in a linear way on ηB , with the cut-off at
ηB < 10
−4,
Pselect(η) ∝ ηB , ηB < 10−4 (42)
Having a fixed value of η for dark matter, we would obtain
a given number density of halos from the Press-Schechter
(PS) function in a flat universe (Press & Schechter 1974);
Figure 5. Excluding area in η, ηB space from the Silk damping
constrain in equation (39). We also exclude ηB > 10
−4 from the
effect of supernova explosions on life.
however, the baryonic matter associated with the dark halos
would be scaled by ηB .
5 CONCLUSION
In this work, from the initial condition point of view, we
studied the probability of a universe being habitable. We
have split this probability into prior and selected probabil-
ities. The prior probability depends on the number of e-
folding during inflation. We have shown that, for a power-
law inflaton field, the probability for e-folding of the order
of 60 is close to one, which means that the formation of
universes similar to ours is highly probable.
Next, assuming an open or closed universe, we inves-
tigated the growth of structures in such universes. For the
case of a closed universe, due to the negative energy condi-
tion of the overdense regions, all structures are able to grow
until they collapse to a virialized regime. We note that the
limiting parameter in this case is the age of the universe. We
could constrain the e-folding to be larger than ∼ 60 for the
formation of life. In an open universe, we solved the growth
of density contrast numerically and compared it with the
energy condition that allows for the non-linear phase for the
growth of structures. In an open universe, we obtained al-
most the same e-folding number for the formation of life as
in the closed universe.
Finally we have investigated the asymmetry parameter
between baryons and anti-baryons. In order to form a single
structure of the order of a globular cluster within the Milky
Way halo, the asymmetry parameter needs to be η10,B >
10−5 and, for the extreme case where we have only one star
within the Hubble radius, we obtain the minimum bound of
η10,B > 10
−24. We note that the physical condition for the
formation of disc galaxies and stars is much higher than this
limit. Also, the upper bound for the fraction of baryons is
limited by Silk damping with the constraint ηB < 10η. We
MNRAS 000, 000–000 (0000)
Cosmic Initial Condition for a Habitable universe 9
have also investigated the constraint arising from nearby
explosions by supernovae, which can destroy life in nearby
planets. Increasing ηB increases the number density of stars
in the galaxy and, from the rate of supernova explosions and
a limiting distance of 10 pc away from the supernova, we
obtained an upper limit on the amount of baryonic matter
asymmetry as ηB < 10
−4.
Concluding this work, the overall probability of a uni-
verse being habitable is a produce of the prior and selection
probabilities, where the prior probability function is almost
unity from inflation and the selection part is proportional
to ηB . In another words, the probability of a universe being
habitable is proportional to the baryonic asymmetry of the
universe (i.e. P ∝ ηB), with a cutoff at ηB < 10−4.
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